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Introduction
Exchange rate economics has gone through different stages. The early theoretical models were developed mainly in the 1970s (monetary model, Dornbusch model, portfolio balance model, and others). These 'first generation' models led to testable propositions in which the changes in the exchange rate are linearly related to news in the fundamentals (money stocks, prices, output, current accounts, etc.). After intensive empirical testing it is fair to conclude that the first generation models were soundly rejected by the data, at least for the exchange rates of countries experiencing relatively low levels of inflation. Three serious anomalies of the first generation models were detected.
First, in their celebrated empirical studies Meese and Rogoff (1983) , (1988) found that the random walk forecast typically outperforms a forecast based on the first generation models even when these modes have access to perfectly anticipated future fundamentals 1 . Although occasionally some researchers have claimed that their model could beat the random walk, the scientific consensus today is that the Meese and Rogoff results still stand. An important implication of this finding is that the coefficients of the fundamentals in the exchange rate equations are subject to frequent structural changes, making these equations unfit for predictive purposes. The existence of frequent structural shifts in the linear exchange rate equations has been well documented (see e.g. Frydman and Goldberg (2001) ).
A second anomaly detected in the empirical literature is the following. Since the start of the floating exchange rate regime the variability of the exchange rates (both nominal and real) has increased dramatically. At the same time there is no evidence to be found that the variability of the fundamentals identified by the theoretical models has increased compared to the fixed exchange rate period (see Baxter and Stockman (1989) and Flood and Rose (1995) ). This is in contradiction with the first generation models, which imply that the variability of the exchange rate can only increase when the variability of the underlying fundamental variables increases. This result has led to the view that the variability of the exchange rates is largely disconnected from the variability of the underlying fundamentals. In their recent 1 There is some evidence that when forecasting over a longer horizon, say, more than one year, fundamentals based models sometimes outperform the random walk. It should be borne in mind though, that these fundamentalist forecasts (based on perfect foresight of future fundamentals) use an information set that is much larger than the information set needed to make random walk forecasts. This also implies that the long term forecasts based on the economic models use more information than the short-term forecasts. It is therefore not really surprising that they perform better. Independent evidence on PPP also suggests that if there is a long-term mechanism driving the exchange rate, it is indeed a very long one. In this large literature on PPP it is found that it takes 3 to 4 years for half of the adjustment towards PPP to be realised after a shock. See Rogoff (1996) .
paper Obstfeld and Rogoff (2000) have identified this phenomenon to be one of the six major puzzles in international macroeconomics.
A third empirical anomaly relates to the 'news' aspect of the first generation models.
The rational expectations assumption underlying the first generation models implies that the exchange rates can only change at any given moment of time as a result of 'news' in the fundamentals. It is fair to conclude now that this feature of the existing models has also been rejected by the data. There is evidence that a large part of the movements of the exchange rate cannot be associated with news (see Goodhart (1989) and Goodhart & Figliuoli (1991) ). More recent analysis using structural VARs comes to a similar conclusion. Unanticipated shocks in the fundamental variables explain only a small fraction of the unanticipated changes in the exchange rates.
Typically over forecast horizons of up to one year, news in output, inflation, and interest rates explains less than 5% of the total unanticipated variance of the exchange rate. About 95% of the latter is attributable to the news in the exchange rate itself (De Boeck (2000) , Altavilla (2000) ) 2 .
From this evidence it is clear that the first generation models in which the exchange rate is driven by news in the fundamentals in a linear way must be called into question as a representation of the foreign exchange market.
The rejection of the first generation models of the exchange rate has led researchers into two different directions. The first one has led to what one could call the 'second generation' models, as exemplified by Obstfeld and Rogoff (1996) . In these models the starting point is utility maximisation of a representative agent. These models typically lead to the conclusion that the coefficients of the reduced form equations of the first generation models do not have to be constant. These coefficients vary as a result of the underlying stochastic disturbances and of changing policy regimes. This is an important insight. The trouble, however, is that the 'second generation' models have led to few testable propositions that would allow for their refutation. As long as these testable propositions are not formulated it is difficult to evaluate the scientific strength of these 'second generation' models.
A second direction taken by researchers in their search for an alternative to the 'first generation' models has been to introduce non-linearities into the model (see De Grauwe and Dewachter (1993) , Frankel and Froot (1990) , Kilian and Taylor (2001) , Kurz and Motolese (2001) ). These models are characterised by the existence of several agents using different information sets (e.g. chartists and fundamentalists) and/or by the existence of transactions costs. The insight provided by these models is that they predict frequent structural breaks in linear exchange rate equations, and that they generate changes in the exchange rates that are unrelated to news about the underlying fundamentals.
In this paper we analyse the (possibly non-linear) nature of the relationship between exchange rate changes and the news in the underlying fundamentals. More specifically we test whether this relationship is subject to regime switches over time. In order to do so, we use a version of the Markov-switching autoregressive model popularised by Hamilton (1989) . In addition, we perform the Markov-switching analysis both on data of low inflation and high inflation countries. This comparison between low and high inflation countries will allow us to gain additional insight about the nature of the relation between exchange rates and the fundamentals.
The rest of the paper is structured as follows. In section 2 we present the model and discuss some of its features. In section 3 we describe the estimation process, and in section 4 we present the results. Finally in section 5 we analyse the implications of our results for exchange rate modelling.
The model
The non-linear model we consider is derived from the Markov-switching autoregressive (MS-AR) models popularised by Hamilton (1989) as a way of characterizing expansions and contractions in empirical business cycle research. The MS-AR framework can be readily extended to various settings (see Krolzig, 1997, for an overview). However, the use of the Markov-switching model to analyse the exchange rate market is rather new 3 . Furthermore, all these applications have assumed switches in either the mean, variance or autoregressive coefficients of the models considered. In our analysis, we use the Markov-switching model to detect switches in the exogenous regressors and or intercept. Hence, our model is written as: Note that an attractive feature of the model is that a variety of behaviour is allowed.
No prior information regarding the dates or the sizes of the two states is required. In particular there could be asymmetries in the persistence of the two states and we do not impose that the coefficients in both states should be either significant or insignificant.
Estimation process
To estimate the aforementioned model, we choose to work with both monthly and quarterly data on the exchange rates and various fundamentals as gathered from the International Financial Statistics tape of the International Monetary Fund for both high and low inflation countries. For the high inflation countries, data on the home currency price for the exchange rate, the money supply, the inflation, the money market rate and the lending rate was obtained for Argentina, Bolivia, Brazil, Columbia and Ecuador. For the low inflation countries, the same data and also observations on the government bond yield and the trade balance were obtained for Germany, France, Italy, Japan, the UK and the US. See Appendix A for more details on the data. 4 A Markov Chain is said to be ergodic if exactly one of the eigenvalues of the transition matrix is unity and all other eigenvalues are inside the unit circle. Under this condition there exists a stationary or unconditional probability distribution of the regimes. If the ergodic probabilities are strictly positive, such that all regimes have a positive unconditional probability, the process is called irreducible (Krolzig, 1997) .
The maximum likelihood estimates of this model can be performed by relying either on a numerical maximization technique or on the EM-Algorithm as described by Hamilton (1990) and Krolzig (1997) . In this paper, both approaches were adopted whereby a Broyden, Fletcher, Goldfarb and Shanno (BFGS) routine achieved the numerical maximization 5 . For the EM-Algorithm, standard errors were computed in the way suggested by Berndt, Hall, Hall and Hausman (1974) .
As the results from estimating the model were consistent over the various methodologies (both the EM and the BFGS algorithm) and time coverages (monthly and quarterly), only the monthly results as obtained by the BFGS routine are reported below. As starting values, we choose the OLS regression results for one regime and zero for the other regime. We also experimented with other starting values, but the results never changed substantially.
5 For an elaboration on the estimation techniques, see Appendix B.
The results
We first present the results of the univariate analysis, i.e. the analysis in which we apply the Markov switching model to univariate explanations of the exchange rate changes. In the second step we apply the model to the multivariate case. Table 1 shows the Wald tests for the low inflation countries. As will be remembered the Wald test allows us to test for the equality of the intercepts and the slopes in the different regimes identified by the Markov switching model. We have considered three scenarios for the regime switches. In the first one we test whether there are switches in the intercept and the slope, in the second case we only allow for switches in the intercept, and in the third case we only allow for switches in the slopes.
Univariate analysis
A first conclusion from table 1 is that the model identifies significant switches in the intercept and in the slope in most cases. In particular switches in the slope are significant in all but three cases, and switches in the intercept in all but two cases. zero. There are cases, however, where the switches are between two non-significant coefficients (this is the case for Japan and Italy, and for industrial production). It should be noted that the switch is never between two significant coefficients. ) ( Tables 5 to 9 give an answer to this question. In table 5 we present the Wald tests for the significance of the switches in regimes (intercepts and slopes) in the high inflation countries. The contrast with the low inflation countries is striking. We find significant switches in regimes in all countries, but these switches are never due to switches in the slope. They are caused exclusively by switches in the intercept. Thus in the high inflation countries there have been switches in the average level of inflation, but the explanatory power of the independent variables (inflation, money supply, interest rate) has remained unchanged. This result contrasts with the results of the low inflation countries in which the explanatory power of these independent variables appears to switch frequently.
In tables 6 to 9 we show the intercepts and the slopes in the different regimes for the high inflation countries. We observe that the slope coefficients are almost always significantly different from zero (although they do not always have the expected sign). We also tested for asymmetry in the regimes, i.e. we checked whether the regime the economy was in the previous period affected the current regime (see tables 10 and 11). We found that in various cases there was a significant asymmetry.
Finally we analysed the persistence (duration) of the regimes. The results are also shown in tables 10 and 11. For the low inflation countries (table 10) we find that the regime in which the slope is not significant usually lasts longer than the regime in which the slope is significant. In the high inflation countries we find a strong asymmetry in the persistence of the regimes whereby one is long lasting (25 to 50 months) and the other is very short in timing (1.2 to 9.1 months). More detail is obtained from the transition probabilities, which are presented in appendix C. 
Multivariate analysis
In the multivariate analysis we analyse the regime switches in regression equations explaining the changes in the exchange rates by changes in relative money supplies, changes in relative inflation and changes in relative bond yields. We analyse switches in all the coefficients taken together, and then in the coefficients separately. As before we apply the analysis to low and high inflation countries.
Tables 12 and 13 present the Wald tests for the low and high inflation countries. Our results lead to broadly similar results as in the univariate case. For the low inflation countries we find many significant switches both in the intercept and in the slope coefficients. For the high inflation countries we only find switches in the intercept, but never in the slope coefficients. Table 12 Wald test results for low inflation countries Tables 14 and 15 present the estimated coefficients in the different regimes. We find again that in the case of the low inflation countries the switches mostly occur between significant and non-significant slope coefficients (with the exception of the coefficients of the relative money supplies). In the case of the high inflation countries the slope coefficients are almost always significant, and the switches only occur between the intercepts that are always significant. 
Switches in the intercept and slope Switches in the intercept
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Theoretical Issues
The results discussed in the previous section can be summarized as follows. The relation between the exchange rate and the fundamentals of low inflation countries is characterized by frequent regimes shifts. We found that the coefficients of these fundamentals change over time quite often from significant values to insignificant ones, and vice versa. This feature is absent in the exchange rate equations of high inflation countries. In those countries we find that the coefficients of the fundamentals are quite stable (only the intercept switches).
These results suggest that for the high inflation countries the linear first generation model may be the right framework for explaining the movements of these countries' exchange rates. This is not the case for the low inflation countries, whose exchange rates cannot be explained by a stable relation with underlying fundamentals.
Any explanation of these empirical results must be capable of accounting for the differences observed in the stability of the exchange rate equations between low and high inflation countries. There are two alternative explanations. The first alternative is based on the second-generation model. We claim that this explanation is unsatisfactory. The second-generation model is based on explicit utility maximization of a representative agent. In this model the structural instability of the coefficients in the exchange rate equations can be explained by shifts in the underlying stochastic structure, which may or may not be induced by changes in policy regimes. The contrasting evidence between high and low inflation countries, however, makes this explanation implausible. If anything, high inflation countries experience stronger changes in the underlying stochastic structure (mainly induced by shifts in policy regimes) than low inflation countries. And yet it is in the high inflation countries that the linear first generation model seems to be doing well while it fails for the low inflation countries.
For this reason our preferred explanation is based on non-linearities. In what follows,
we outline the nature of two non-linear features that in our view are capable of explaining the unstable relation between the exchange rate and its underlying fundamentals in low inflation countries. In this section we only briefly sketch the nature of these non-linearities and how these affect exchange rate models. In the next section we present a simple model formalising some of these ideas.
A first non-linearity has been stressed by Obstfeld and Rogoff (2000) , who show that many of the current puzzles in international macroeconomics can be explained by transaction costs. In our case, introducing transaction costs can contribute to understanding the difference in the relationship between the exchange rate and its fundamentals for low and high inflation countries. To see this, consider the following set-up.
The existence of transaction costs (say as a fixed proportion of the prices of products) defines a band in which arbitrage relations, such as the PPP relation, do not hold. This is the case in both the low and high inflation countries. Now introduce exogenous shocks in the underlying fundamental values of the exchange rate. In the low inflation countries, many shocks tend to be relatively small relative to the transaction cost band (e.g. inflation shocks). Hence, arbitrage will not be profitable in these cases and will remain absent. Some shocks, however, are large relative to the transactions cost band implying that arbitrage will take place. As a consequence, the relation between exchange rates and their underlying fundamentals will be unstable. In contrast, in the high inflation countries, shocks in the fundamentals (especially nominal shocks) are always large relative to the transactions costs band, imposing strong arbitrage relations. This implies that the relation between the exchange rate and its fundamentals remains stable.
A second non-linear feature can be introduced which is capable of explaining our empirical findings. This is based on diversity of opinion (see for instance De Grauwe and Dewachter (1993), De Grauwe (1994) Kilian and Taylor (2001) for applications in the foreign exchange markets and Brock and Hommes for applications in the stock markets). The essential ingredient of such a non-linearity is the hypothesis that economic agents use different information sets. In general, two kind of agents, 'fundamentalists' and 'chartists' (or informed traders and noise traders) can be considered. The fundamentalist is forward looking in that he computes the equilibrium (or fundamental) exchange rate to predict future exchange rate movements, while the chartist is backward looking, relying on extrapolations of past exchange rate movements for his forecasts.
The fundamentalist is uncertain about the fundamental value of the exchange rate.
(This uncertainty may be due to the existence of a transaction cost band which blurs the relation between exchange rates and their fundamentals). As a result, when the exchange rate is close to its fundamental value, fundamentalists take few positions.
The chartists then dominate the market. Conversely, as the exchange rate moves away from its fundamental value, fundamentalists move in the market again, and become more important to determine the exchange rate.
This model leads to a speculative dynamics in which the exchange rate appears to have a life of its own 6 . This model may be appropriate for low inflation countries where there is often great uncertainty about the true equilibrium value of the exchange rate. (Note again that this uncertainty is probably linked to the existence of a transactions cost band, which in low inflation countries is large relative to the size of the shocks in the fundamentals). In the high inflation, however, this uncertainty about the equilibrium value of the exchange rate is less pronounced. As a result, fundamentalists will dominate the market. In this case, exchange rate movements will be linked to shocks in the underlying fundamental values.
As stressed earlier, this is only a broad sketch of non-linearities in exchange rate models capable of explaining the results obtained in this paper. In the next section we present a simple non-linear model that allows us to capture some of the general ideas developed in this section.
A simple non-linear model with transactions costs
In this section, we develop a non-linear model that is as parsimonious as possible.
The exchange rate is t e and its fundamental value is represented by t f . The latter could be the price level, or more generally a vector of variables that determine the equilibrium value of the exchange rate. We assume that it is driven by a random walk process, i.e.
We assume fixed transactions costs, τ . The effect of these transactions costs is to prevent goods arbitrage. As a result, as long as the exchange rate is within its transactions cost band, there is no mechanism that drives the exchange rate towards its fundamental value. More formally we postulate the following process: In words, when the difference between the exchange rate and its fundamental value is within the transactions cost band given by τ , the changes in the exchange rate 6 It has also been shown that such a speculative dynamics is capable of generating chaotic dynamics (see De Grauwe and Dewacher(1993) and Brock and Hommes(1998) ).
are white noise. When the difference between the exchange rate and its fundamental value is larger than the fixed transactions costs, the exchange rate tends to return to its fundamental value. The speed with which this happens is determined by the parameter ϑ . In rational expectations models this parameter will typically be influenced by the structural parameters of the model, including the speed of adjustment in the goods market.
Equations (1) The results are shown in tables 16 and 17. We considered cases that come close to representing the situations of low and high inflation countries. More specifically, low inflation countries are those for which the transaction cost band is high compared to the size of the shocks in the fundamentals. In addition we assume that in these countries the speed of adjustment of prices is low. This is the case represented by ) ( 
A Simple Non-Linear Model with Diversity of Opinion
Once more we develop a non-linear model that is as parsimonious as possible with the fundamental driven by a random walk process. However, instead of imposing the presence of fixed transaction costs, in this section we introduce three players in the exchange rate market, who disagree about the 'true' value of the exchange rate 7 .
The first two players (the fundamentalists) both base their exchange rate estimate on the underlying fundamentals, but disagree on what this fundamental value of the exchange rate is. Hence, we have a different exchange rate estimate for both fundamentalists:
( ) e that for the second fundamentalist. The difference between these two values can be interpreted as a lack of precision in the market's estimate of the true fundamental value of the exchange rate. The higher is this difference the greater the uncertainty about the underlying fundamental value of the exchange rate.
Next to the two fundamentalists, we also introduce a chartist in the exchange rate market. This trader extrapolates past exchange rate values to find its current equilibrium values. As a consequence, the chartist bases his forecast on a moving average rule. We assume a popular extrapolative rule based on the "momentum" The set-up of this model implies that if there is disagreement between the fundamentalists about the predicted direction of the exchange rate, the chartist will dominate the exchange rate movements. 
Conclusion
Characterizing the nature of the relationship between exchange rate changes and the news in its underlying fundamentals has long been an objective of empirical international macroeconomics. Although this research has contributed to our understanding of the behaviour of the exchange rates, it is also true that this empirical research has been unable to validate the existing theoretical models. In particular, the 'first generation models' of the exchange rates that were developed during the 1970s have been rejected at least when using data of the major industrial countries. The 'second generation models' based on explicit utility maximisation of agents have not produced sharp enough testable propositions allowing for their refutation by the data. As a result, they have not been confirmed nor refuted.
In this paper, we test whether the relationship between the nominal exchange rate and the news in its underlying fundamentals has non-linear features. In order to do so, we developed a Markov switching model and applied the model for a sample of low inflation and high inflation countries.
The empirical analysis shows that for the high inflation countries the first generation models appear to work well: the relationship between news in the fundamentals and the exchange rate changes is stable and always significant. This is not the case, however, for the low inflation countries, where frequent regime switches occur. This finding casts doubts about the capacity of the second-generation models to explain the facts.
We developed two non-linear models that are capable of explaining our empirical findings. A first model is based on the existence of transaction costs; a second one starts from the existence of different types of agents using different information to forecast the future exchange rate. In both cases we found that these simple nonlinear models are capable of replicating the empirical evidence uncovered in this paper. More specifically the transactions cost model predicts that in countries where shocks in fundamentals are low in comparison with the transactions cost band (low inflation countries), frequent regime switches in the link between the exchange rate and its fundamentals must occur. This is not the case in high inflation countries where the size of the shocks in fundamentals is large relative to the transactions cost band. Our second theoretical model using the assumption that there is a diversity of opinion about the true equilibrium exchange rate, generates frequent regime switches in the link between the fundamentals and the exchange rate in low inflation countries.
These results confirm that non-linear modelling of the exchange market is essential for our understanding of the behaviour of exchange rates 8 .
Introduction
In this appendix, more attention is devoted to the determination of the various population parameters of the Markov-switching model. In a first part, we therefore rewrite the model in a state-space representation, which has been proven useful for the study of time series with unobservable states. Next we write down the log likelihood function that has to be optimised and we subject the EM algorithm to closer scrutiny. In the third section, the computation of the standard errors is discussed and finally in the last section, the derivation of Wald test as reported in this paper is explained.
The regime shift function and the state space representation
At this stage it is useful to define the parameter shifts more clearly by formulating the system as a single equation by introducing 'dummy' indicator variables: 
Maximum likelihood estimation and the EM algorithm
In order to fix the parameters of the aforementioned equation we can rely both on the classical method of maximum likelihood estimation and the EM Algorithm. Both have been applied in this paper and will be discussed in more details below.
Under the assumption that the observed variable, t e ∆ , is drawn from an N(µ ,σ2) distribution, and the unobserved state is presumed to have been generated by some probability distribution, for which the unconditional probability that t s takes on the value j is denoted by j π :
where θ represents the population parameters that should be determined, so: for j= 1 and 2. This can be achieved using the numerical methods or using the EM algorithm. The latter approach is an iterative maximum likelihood estimation technique consisting of two steps (see Krolzig,1997 ):
In the expectation step (E), the unobserved states ξt are estimated by their smoothed probabilities, 
Standard errors and the EM Algorithm
In order to compute the variance-covariance matrix and hence the standard errors when using the EM algorithm, we employed the way suggested by Berndt, Hall, Hall and Hausman (1974) , where ( ) Where var denotes the asymptotic variance and cov the asymptotic covariance
